High dietary intake of fats has been thought to be one of the major risk factors for the development of CVD. Less is known about the possible influence of fats from various sources on haemorheological abnormalities, which are considered an important factor in the pathogenesis of these diseases. The goal of the present study was to investigate effects of high-fat diets enriched in unsaturated fatty acids (USFA), SFA or trans-fatty acids (TFA), respectively, on haemorheological parameters in rats. Wistar female rats were divided into four groups and fed diets based on the AIN-93M formulation containing approximately 10 % energy from soyabean oil (control group) or 40 % energy from soyabean oil (USFA), palm oil (SFA) and vegetable shortening (TFA) for 8 weeks. The results showed that rats fed high-fat diets exhibited significant increases in serum TAG levels (P,0·01), plasma viscosity (P, 0·01), whole blood viscosity (P, 0·01) and internal viscosity (P, 0·01) compared to the controls. The TFA group showed a significant decrease in erythrocyte deformability (P,0·01) and increase in internal viscosity (P, 0·01) compared with the other groups. In addition, a significant increase in blood levels of free radicals (P, 0·01) was found in the TFA group, suggesting that the attack of oxygen-free radicals could be responsible for the impaired erythrocyte deformability. These impairments could be partly responsible for the development of various circulatory disorders. The present haemorheological study provides additional insights into the potential adverse effects of trans-fat and high-fat diets on haemorheological parameters.
Intake of high levels of dietary fat is closely linked with the pathogenesis of CVD (1, 2) . While most studies of these diseases have focused on biochemical indices or those related to the vascular endothelium, haemorheological abnormalities may underlie the pathophysiologic process be predictors of risk of CHD (3 -5) . A number of studies have shown an association between a high intake of dietary fats and haemorheological abnormalities in both animals and human subjects, although the specific sources of fats were not identified. In general, high intake of dietary fats markedly impairs haemorheological properties causing, for example, reduced fluidity of whole blood (6) , increases in LDL leading to increased erythrocyte aggregation, and, thus, increased blood viscosity and decreased blood flow (7) . In addition, haemorheological abnormalities including elevated viscosity of blood and plasma, reduced erythrocytes deformability and intensified erythrocyte aggregation have also been found in obese individuals with hyperlipidaemia (8, 9) . Elevated blood and plasma viscosity as well as impaired erythrocyte deformability might produce retardation and stoppage of the flow of erythrocytes in microvessels.
Intensified erythrocyte aggregation resulting in subsequent local accumulation has been shown to be a key factor disturbing the microcirculation (3 -5) . These cumulative effects of haemorheological abnormalities appear in the form of a disturbed blood flow profile resulting in the development or aggravation of various circulatory disorders such as hypertension, thrombosis, myocardial infarction and cerebrovascular diseases.
High dietary fat intake is generally associated with increased consumption of industrially produced foods and the accompanying large amounts of partially hydrogenated vegetable oils and fats, especially trans-fats (10) . Dietary trans-fatty acids (TFA) are primarily formed during the process of partial hydrogenation, in which liquid vegetable oils are converted to solid fats to give many foods important functional and physical characteristics that affect texture and sensory properties as well as stability against rancidity. Accumulating evidence has consistently shown the existence of a significant relationship between the intake of dietary TFA and the risk of cardiovascular disorders (10) through pathways such as increased lipoprotein (11) and blood TAG concentrations (12) , systemic inflammation (13) and endothelial cell dysfunction (14, 15) . However, relatively little information is available on the underlying mechanisms of action of dietary TFA on haemorheological properties, which are also correlated with various cardiovascular events. Additionally, clear results from comparisons of the effects of diets comprising different lipids, such as dietary fats enriched in unsaturated fatty acids (USFA), SFA or TFA, haemorheological properties are lacking.
The purpose of the present study was to investigate whether various oils enriched in USFA, SFA or TFA had differential effects on the haemorheological parameters of rats fed high-fat diets in relation to their effects on blood biochemical and haematological properties. In addition, there is a strong suggestion that oxidative stress is a key factor leading to abnormal haemorheological parameters (16, 17) . However, data on the effects of oxidative stress in relation to a high-fat intake on haemorheological abnormalities are still needed. Therefore, the content of oxygen-free radicals in the blood of rats fed with high-fat diets was measured to understand whether oxidative stress was related to the effect of high dietary fat intake on haemorheological properties.
Materials and methods

Animals and treatments
The protocol of the present study was approved by the Yuanpei University Animal Care and Ethics Committee, and all the animal studies were conducted following the recommendations provided by the European Convention for the protection of Vertebrate Animals used for Experimental and Scientific purposes (Council of Europe no. 123, Strasbourg, 1985) . Female Wistar rats at 8 weeks of age were supplied by the Animal Laboratory Service of the Taipei Medical University. They were housed in animal quarters under controlled conditions (22-258C and 12 h light -dark cycle) in individual cages. Animals were allowed to acclimatise to their new conditions for a week before the study. Then the animals were randomly divided into four groups of ten, matched by mean weight. Rats were fed for 8 weeks until sacrifice.
All diets were nutritionally adequate based on the AIN-93M and differed only in the amount and types of fats. The detailed compositions of these diets are described in Table 1 . The control (Con) diet contained 40 g fat/kg, which accounted for 10 % of the total energy (15 072·85 kJ/kg (3600 kcal/kg)); and the other three isoenergetic experimental diets were enriched by replacing carbohydrate with fats of different compositions to attain 210 g/kg (approximately 40 % energy as fat), which exceeded the essential fatty acid recommendations. The fat sources in three experimental diets, USFA, SFA and TFA, were soyabean oil, palm oil and vegetable shortening, respectively. The fatty acid composition of the experimental fats was determined by standard gas chromatographic separation of fatty acid methyl esters. The fatty acid composition of the three experimental fats is 
Blood biochemical measurements
After an overnight fast (8 h), the rats were anaesthetised with chloral hydrate (250 mg/kg, intraperitoneally), and blood was obtained via cardiac puncture. Fresh blood samples from the rats were collected into plastic test-tubes containing EDTA (1·5 mg/ml) as an anticoagulant. Lipid levels including total cholesterol (TC), which comprised chylomicrons, VLDL, LDL and HDL, and HDL cholesterol (HDL-C) were analysed in plasma samples by enzymatic -colorimetric methods with a Hitachi 7450 analyzer, and TAG levels were measured by a Roche Modular P800 automatic analyzer (Roche Diagnostics, Meylan, France). The concentration of LDL cholesterol (LDL-C) was estimated with the Friedewald formula:
where TAG values , 4000 mg/l (, 400 mg/dl).
Haematological measurements
Blood cell counts and other haematological data such as haematocrit (Hct), mean cell volume, mean cell Hb (MCH) and MCH concentration (MCHC) were determined by a Scil Vet ABC automatic cell counter (Scil Animal Care Company, Holtzheim, France). Plasma was separated from blood by centrifugation at 1500 g for 10 min. Fibrinogen levels were measured by a Sysmex CA-500 (Diamond Diagnostics, Hollingston, MA, USA) using reagents from Dade Behring, Inc. (Deerfield, IL, USA), in accordance with the manufacturer's instructions.
Plasma and blood viscosity
Plasma and blood viscosity were measured using a Rheostress 1 double cone viscometer (HAAKE Mess-Technik, Karlsruhe, Germany) with a cone angle of 18 at 310 K. The serial blood viscosities at different shear rates were determined via a testing programme. Shear rates of 600, 300 and 35 s 21 reflecting high, medium and low shear rates were estimated (18) . Erythrocyte rigidity (T K ) at a shear rate of 600 and 300 s 21 was calculated according to the equation of Dintenfass (19) :
where hr was the relative blood viscosity (h 600 blood or h 300 blood/h plasma).
Deformability and aggregation of erythrocytes
The measurement of erythrocyte deformability was based on a laser diffraction method in which the laser beam traverses the diluted blood suspension (0·8 ml), and the ability of an erythrocyte to deform in a shear field is monitored by the laser-generated diffraction patterns of the erythrocytes. The diffraction pattern is projected on a screen monitored by photoelectric sensors linked to a frame grabber integrated in the computer. The best-fitting ellipse is determined, and this represents the deformed erythrocyte. The long and short axes, A and B, respectively, of this ellipse are then used to calculate the deformability index (DI) as a function of applied shear stress (30 Pa):
Before the measurement, the erythrocytes were suspended in a PBS solution with 5·5 % polyvinylpyrrolidone at the optimal Hct. More detailed information regarding the method has been described elsewhere (20) . For the erythrocyte aggregation test, 0·8 ml of an EDTA blood sample was placed into the plate where the diffraction of the laser radiation of the undiluted blood samples was used to estimate the degree of aggregation. The signal obtained from the intensity of the back-scattered light measured by the photoelectric sensors was further processed by the computer to estimate the degree of aggregation. In the present model, the optional disaggregation shear rate and its duration before stopping the motor were generally set at 600 s 21 and 16 s 21 , respectively. We used syllectogram analysis to measure erythrocyte aggregation to obtain the aggregation index of the erythrocytes. A detailed description of the syllectogram can be found in the literature (21) .
Analysis of oxygen-free radicals
A technique for in vivo determination of oxygen-free radicals by the chemiluminescence assay was introduced in our laboratory. Whole blood samples (2 ml) were obtained by transcardiac puncture with heparinised plastic syringes under pentobarbital anaesthesia in each rat after 8 h of fasting. Blood samples were immediately wrapped with Al foil to prevent light exposure and kept in an ice box until testing with the chemiluminescence assay (generally within 2 h). A microplate luminometer cell activation kit (Knight Scientific Limited, Plymouth, UK) was used to measure the oxygenfree radicals in the whole blood. The microplate was placed into a luminometer (Anthos Lucy 1 Microplate Luminometer, Anthos Labtec Instrument, Wals, Austria) for analysis of chemiluminescence. Chemiluminescence data were expressed as counts per second.
Statistical analysis
Results are expressed as means and standard deviations. Data were analysed by a one-way ANOVA followed by Duncan's post hoc test to compare the experimental groups and Con with the SAS package version 8.1 (SAS Institute, Cary, NC, USA). A value of P, 0·05 was selected as indicating statistical significance.
Results Table 2 shows the blood biochemical and haematological variables measured at the end of the 8-week treatment with standard or high-fat diets. TC in the serum of the USFA group was significantly lower (P, 0·05) than in the other three groups. HDL-C and LDL-C remained unaffected in all groups. Plasma TAG levels in the SFA and TFA groups were found to be significantly higher (P, 0·01) compared with the Con and USFA groups. When comparing the Con to the USFA group, TAG levels of the USFA group were significantly higher (P,0·05) than the Con group. As expected, at the end of the study, the final body weight was significantly lower (P,0·01) in the Con group than in the groups of rats fed the high-fat diets containing all of the fat sources. The final body weight of the SFA and TFA groups was not different from each other, but significantly higher (P, 0·05) than that of the USFA group. Plasma fibrinogen levels did not differ dramatically among the groups, as shown in Table 2 , except that the SFA group showed slightly higher (P, 0·05) levels than the others. Hct and mean cell volume values remained unchanged as compared to the Con group. The values of MCH and MCHC were significantly decreased (P, 0·05) in the USFA and TFA groups as compared to the Con group. The levels of oxygen-free radicals in the USFA and SFA groups appeared slightly higher than in the Con group, but without statistical significance; whereas, the TFA group showed significantly increased (P, 0·01) oxygen-free radical levels compared with the other groups. Table 3 shows the values for the haemorheological parameters measured at the end of the 8-week treatment with the standard or high-fat diets. Plasma viscosity is considered to be one of the main indicators of haemorheology. Compared with the Con diet, all three high-fat diets significantly increased plasma viscosity in the rats (P, 0·01); but the SFA group showed a significantly lower plasma viscosity compared with the TFA and USFA groups. Whole blood viscosity, when adjusted to a standard Hct (45 %), increased significantly (P, 0·01) in the groups fed high-fat diets at each of the three shear rates, except for the USFA group, which did not exhibit statistically significant differences at the low shear rate of 35 s 21 . In addition, the blood viscosity of the USFA group at the three shear rates appeared significantly lower than that of the SFA and TFA groups. T K values, which represent erythrocyte rigidity (indicating internal viscosity), were significantly increased in the groups fed high-fat diets at shear rates of 300 and 600 s 21 (P,0·01) compared with the Con group. T K values in the TFA group were significantly higher (P,0·05) compared with the USFA and SFA groups.
The aggregation index values representing erythrocyte aggregation were characterised in terms of the time-dependent gyration radius of the aggregates and their fractal dimension measured by a laser diffraction method. The aggregation index values obtained from the groups fed high-fat diets did not differ significantly from the controls, suggesting the diets high in fat (whether USFA, SFA or TFA) did not have a significant effect on the development of erythrocyte aggregation. The DI values indicating erythrocyte deformability have been recognised as a determinant of microvascular perfusion. The laser diffraction method was also used to determine the DI values, which were measured by erythrocyte elongation under increasing shear stress. Table 3 shows that the DI values of the groups fed high-fat diets significantly decreased compared with the Con group. It is interesting to note that the high-fat diets decreased the DI values in rats with a rank order of TFA . SFA . USFA, indicating the TFA group showed the most significant reduction (P, 0·01) in the DI values as compared with the other groups.
Discussion
We have found that rats fed diets high in SFA and TFA showed only minor changes in the levels of TC, HDL-C, LDL-C, Hct and mean cell volume, but a significant increase in TAG in the present study. These results are consistent with those of previous studies (22, 23) showing that rats fed high-fat diets had elevated levels of plasma TAG, while the levels of plasma TC remained unaffected (23) . The present results also agree with those of Huang et al. (24) who found a slight (but NS) decrease in TC in rats after they had consumed a diet containing TFA for 8 weeks. Interestingly, after 16 weeks, the rats in the report by Huang et al. showed decreased TC and HDL. In contrast, the USFA group fed the diet high in soyabean oil in the present study showed a significant reduction (P, 0·05) in TC levels and NS difference in plasma TAG levels compared to the controls. Similar results have been found in a study of rats fed for 8 weeks with a diet that contained high levels of rapeseed oil (approximately (40 % kJ), which was similar to the proportion of calories from fat in the present study) in which TC levels decreased with a slight increment in TAG and unchanged HDL-C levels compared with the low maize oil diet (approximately (6 % kJ)) (25) . In the present study, the fibrinogen and Hct levels in the blood showed NS differences between the Con group and the groups fed high-fat diets, which agrees with previous findings that high-fat diets do not seem to regulate the plasma level of fibrinogen (26) . The internal viscosity of the erythrocyte membrane can be determined either by MCHC or the T K , which is thought to reflect their deformability.
Curiously, we found that the T K values of the rats fed USFA and TFA were higher, whereas the MCHC values were significantly lower than in the controls. Reports have shown that hypertriglyceridaemia cause can cause a spurious rise or fall in MCH or MCHC levels because of turbidity interference (27, 28) . Moreover, limited evidence was found that high-fat diets or hypertriglyceridaemic obesity may lead to significant changes in MCH or MCHC values (29) . In general, increased plasma viscosity is correlated significantly with serum fibrinogen or TAG levels (30) . However, the present results showed that increased plasma viscosity of the groups fed high-fat diets did not correlate with the (unchanged) fibrinogen levels, but did correlate with the serum TAG levels. It has been shown that the strength of the correlation between serum TAG levels and plasma viscosity was greater than that observed between LDL-C and plasma viscosity (31) . On the other hand, under steady flow conditions, shear rates of 600, 300 and 35 s 21 represented high, medium and low shear rates, respectively. From the microscopic point of view, erythrocytes with impaired deformability produce elevated viscosity in the high shear rate conditions; while an increased tendency for erythrocytes to aggregate is responsible for increased blood viscosity at low shear rates. Therefore, it is plausible that the decreased erythrocyte deformation of the groups fed high-fat diets contributed to their increased blood viscosity at the high shear rate. However, the groups fed high-fat diets also showed increased blood viscosity at the low shear rate, although their erythrocyte aggregation indices were unchanged. The mechanism of erythrocyte aggregation is an extremely complicated process and depends on the interaction (attractive) force between fibrinogen and the erythrocytes, which is correlated with the surface charge distribution, surface geometry, shape and fibrinogen levels. Despite several clinical studies that have shown that high-fat meals could increase plasma TAG levels and enhance erythrocyte aggregation in human serum or plasma (32, 33) the high-fat diets fed to the rats in the present study did not cause significant alterations in fibrinogen levels and erythrocyte aggregation. This suggests that there was NS increment in the adhesive interaction between erythrocytes and fibrinogens caused by high-fat diets fed to these rats.
Erythrocyte deformability is thought to have a vital influence on peripheral microcirculation, which depends on the passage of erythrocytes through narrow capillaries and the reduction in blood viscosity under high shear rates. The present results show that erythrocyte deformability (as shown by increased T K values) of the groups fed high-fat diets was inversely proportional to the serum TAG levels. It had been reported that the impairment of the erythrocyte membranes found in spontaneously hypertriglyceridaemic rats may be partially responsible for the haemorheological and morphologic abnormalities that provoke a decrease in erythrocyte deformability and hyperviscosity of the blood (29, 30) . Investigations on adipocyte plasma membrane fatty acid composition and fluidity showed that dietary SFA did not alter the fluidity, whereas dietary TFA resulted in decreased membrane fluidity (34) . Ibrahim et al. (34) suggested that the decrease in membrane fluidity in the group fed trans-fats could be due to the isomeric configuration of the incorporated elaidic acid, which was the major TFA contained in our TFA diet (approximately 11·3 % of fatty acids). In addition, it is not certain whether the trans-fat content of the membrane would be large enough to significantly alter its structure and function and lead to alterations in deformability. Niu et al. (35) provided evidence that phospholipids derived from TFA had a higher affinity for membrane cholesterol than their cis-analogues. They also showed that membranes containing TFA phospholipids exhibited a higher acyl chain packing order and a higher transition temperature for thermal denaturation of the membrane proteins. This could probably explain why incorporation of even a small amount of TFA (36, 37) into the erythrocyte membrane may result in a significant alteration in membrane structure leading to changes in the internal viscosity and membrane deformability (38) . It is interesting to note that the TFA groups exhibited significantly higher levels of oxygen-free radicals compared with the other three groups. To avoid interference by lipid peroxidation in the analysis of oxygen-free radicals in vivo, we carefully checked the quality of dietary fats used in the high-fat diets before feeding the animals and found NS difference in oxidative stability among them. Previous studies have shown that hyperlipidaemia was correlated with the generation of free radicals (39) , possibly as a result of NADPH oxidase-associated overproduction of free radicals and inflammation (40) . The activation of phagocytes via their interaction with certain proinflammatory mediators results in the assembly of the NADPH oxidase, which catalyses the production of large amounts of the superoxide anion radical (41) . A study of apoptosis reported that TFA could be potent inducers of apoptosis and free radical production in endothelial cells (42) . A recent study has revealed that TFA enhanced neutrophil phagocytic capacity, superoxide (O z2 2 ) and H 2 O 2 production (43) . An excess of free radicals may lead to a decrease in erythrocyte deformability via protein degradation and lipid oxidation (16) . Some evidence indicates that internally generated free radicals affect erythrocyte deformability without an effect on their aggregation behavior (17) . This is consistent with the present findings of a high level of oxygen-free radicals, impaired erythrocyte deformability and unchanged erythrocyte aggregation in the rats fed the diet high in TFA, although our data do not prove that the free radicals were generated internally in the erythrocyte membrane. Therefore, it is plausible to assume that the significant reduction in erythrocyte deformability in the rats fed the high-fat diet containing TFA could be not only the result of alterations in membrane structure due to incorporation of TFA, but also to oxidative damage produced by TFA-induced free radicals. The present haemorheological study provides new insights into the potential adverse effects of trans-fat and intake of high-fat diets on the development of CVD. Much additional research is needed to clarify the role of TFA in modulation of pro-inflammatory cytokines, their relation to erythrocyte membrane properties and the fundamental differences between TFA, SFA and USFA in membrane composition.
In summary, the present study demonstrates that rats fed high-fat diets exhibit higher serum TAG levels, plasma viscosity, whole blood viscosity and internal viscosity compared to the controls. Furthermore, rats fed a high-fat diet containing TFA showed a significant decrease in erythrocyte deformability and a higher content of oxygen-free radicals compared to the controls and rats fed diets high in other fats, suggesting the impaired erythrocyte deformability developed as a result of the attack of free radicals due to TFA-induced inflammation. These impairments could, in part, contribute to the development of CVD, which, as we know, is greatly enhanced by high-fat diets, especially those containing TFA.
